The genome structure of defective, oncogenic avian reticuloendotheliosis virus (REV) was studied by heteroduplex mapping between the full-length complementary DNA of the helper virus REV-Ti and the 30S REV RNA. The REV genome (5.5 kilobases) had a deletion of 3.69 kilobases in the gag-pol region, confinming the genetic defectiveness of REV. In addition, REV lacked the sequences corresponding to the env gene but contained, instead, a contiguous stretch (1.6 to 1.9 kilobases) of the specific sequences presumably related to viral oncogenicity. Unlike those of other avian acute leukemia viruses, the transformation-specific sequences of REV were not contiguous with the gag-pol deletion. Thus, REV has a genome structure similar to that of a defective mink cell focusinducing virus or a defective murine sarcoma virus. An additional class of heteroduplex molecules containing the gag-pol deletion and two other smaller deletion loops was observed. These molecules probably represented recombinants between the oncogenic REV and its helper virus.
Avian reticuloendotheliosis virus (REV) causes visceral reticuloendotheliosis and peripheral nerve lesion in various species of fowl (31, 32, 36, 38, 42) . It transforms fibroblasts as well as hematopoietic cells derived from bone marrow and spleen in tissue culture (4, 10, 11, 15, 16) . REV is unrelated to other avian leukosis and sarcoma viruses (13, 22, 29) . It is also defective in replication and requires as helper virus other members of the reticuloendotheliosis group of retroviruses for the synthesis of viral progeny (16) . The defectiveness of the REV genome is consistent with the absence of virionrelated proteins in REV-transformed nonproducer cells (16) . Recent studies further showed that REV contained a 28S RNA genome, as compared with the 358 RNA for the helper virus (4, 16) . Oligonucleotide fingerprinting and nucleic acid hybridization studies further suggested that at least 30% of the REV genomic sequences are specific for REV and are presumably the oncogenic sequences which are responsible for its acute leukemogenic potential in vivo and its transforming activity in vitro.
To determine the genetic structure of REV and to localize the transformation-specific sequences in the REV genome, we compared the genomes of REV and its helper virus REV-A by 900 HU ET AL.
Viruses were purified from the media according to a modification of published procedures (25) . Briefly, virus was pelleted from the media in an SW27 rotor at 25,000 rpm for 90 min and then sedimented on a 25 to 60% (wt/vol) sucrose gradient in an SW50.1 rotor at 50,000 rpm for 150 min. The 70S RNA was extracted from the virion and prepared according to published procedures (28) . Synthesis of genome-length cDNA from REVTi. The genome-length complementary DNA (cDNA) was synthesized from REV-Ti by endogenous reverse transcription according to a published procedure (26) . This procedure was established for several strains of avian and manmalian oncoviruses. We found that it was also applicable to the REV-Ti strain. The endogenous reverse transcription was performed in a reaction mixture containing 1 mM Tris-hydrochloride (pH 8.0), 30 (Fig. 1) . In analogy to the REV released from the BMC line (Fig. lc) (Fig. lc) . This RNA species has been noted before (4) . From heteroduplex studies (see below), we suggest that this small RNA species might represent a defective form of the transforming RNA component.
Characterization of the full-length REVTi cDNA. To characterize the size and location of the genetic deletion as well as the transformation-specific sequences in the REV genome, we performed electron microscopic heteroduplex mapping between the full-length cDNA of the helper virus REV-Ti and the 30S REV RNA. The full-length REV-Ti cDNA was synthesized by the endogenous reverse transcription from REV-Ti according to published methods (26) .
Since it has been reported that the endogenous reverse transcription of reticuloendothelion October 27, 2017 by guest http://jvi.asm.org/ Downloaded from VOL. 37, 1981 osis viruses produces unfaithful cDNA (30) , the authenticity of the full-length REV-Tl cDNA used for heteroduplex mapping was first studied. Three pieces of evidence suggest that the fulllength (9 (9) .
REV GENOME 901 hybridization showed that this cDNA species could anneal to REV-Tl 70S RNA to 85 to 100%, depending on the hybridization conditions (Table 1). It did not hybridize to any other viral RNA tested. These results suggest that this fulllength cDNA represents the entire genomic sequences of REV-Tl and also that the cDNA is a faithful copy of REV-Tl genome.
(ii) Electron microscopic homoduplex mapping between REV-Tl full-length cDNA and 70S REV-Tl RNA showed that they were completely homologous (not shown). (iii) The full-length (9.0 kb) REV-Tl cDNA was converted into doublestranded DNA, using DNA polymerase I, and then analyzed by restriction enzyme mapping as described previously (37) . The restriction pattems suggest that this cDNA species is a homogeneous species of DNA and that it represents an authentic copy of the REV-Tl RNA genome (Steele et al., unpublished data).
Heteroduplex mapping between REV-Ti cDNA and REV (REV-A) RNA from the transformed spleen cell lines TV-1 and TV-2. The heteroduplex molecules were studied by published procedures (18, 24) . The 50 to 70S RNA from TV-i and TV-2 cell lines was first used. The 3' ends of the RNA molecules were identified by binding a poly(BUdR)-tailed cir- Fig. 2 ) and 1.64 ± 0.20 kb ("c" in Fig. 2 ), respectively. The difference in length between the two arms might not be significant, and the assignment of the strands to either virus is arbitrary. This nonhomologous region suggests that REV lacks 1.6 to 1.9 kb of the REV-A sequences and contains some REVspecific sequences of similar size which are distinct from REV-A sequences. This region (1.6 to 1.9 kb), therefore, represented the REV-specific sequences which might be related to the oncogenic activity of REV. In its location, it corresponded to the env gene of the avian leukosissarcoma virus complex. gene, if we assume that REV-A has the same gene order as do other oncoviruses. This structure confirms the genetic defectiveness of REV (15, 16) . Between the 3'-half substitution loop and the 5'-half deletion loop was a stretch of homologous sequences of 1.04 t 0.08 kb ("d" in Fig. 2 ). This region should correspond to the partial sequence of the pol gene and possibly also part of the env gene. The presence of this stretch of homologous sequences between the 5'-end deletion loop and the 3'-half REV-specific sequences distinguishes REV from other avian acute leukemia viruses, such as MC29 or avian erythroblastosis virus, in which thegag-poldeletion is contiguous with the leukemia virus-specific sequences (19, 28) .
Depending on the strand assignment of the substitution loop, the genome size of REV-A will be (1. Heteroduplex mapping between REV-Ti cDNA and REV (REV-A) RNA released from the BMC line. To further confirm the genetic structure of REV, we performed heteroduplex mapping between REV-Ti and the virion released from another REV-transformed cell line, the BMC line (11) . This cell line released a higher proportion of the transforming component, REV, than did the REV-transformed spleen cell lines TV-1 and TV-2 ( Fig. 1) (4) . As with the virus released from the TV cell lines, these heteroduplexes contained the same two types of heteroduplex molecules: (i) the heteroduplex between REV-Ti cDNA and RNA of the helper virus present in the REV (REV-A) virus population (these molecules were completely homologous [not shown]) and (ii) the heteroduplexes between REV-Ti cDNA and 30S REV RNA, which had a structure identical to that described in Fig. 2 . Thus, this RNA species likely represented the REV RNA which was responsible for the oncogenic activity of the virus.
In addition to these two kinds of hybrid molecules, a third kind was consistently observed in all of the virus preparations released from the BMC line (Fig. 3) . This new type ofheteroduplex is henceforth termed type II, and the first type is termed type I. The type II heteroduplex molecules (Fig. 3) had the following structural features. Starting at 0.90 + 0.12 kb from the 3' end, there were three deletion loops, with sizes of 0.60 ± 0.07 (cl), 1.09 + 0.12 (b2), and 3.69 + 0.25 kb (e), in the middle of the heteroduplex molecules. The third deletion loop was located at 1.67 + 0.10 kb from the 5' end and was, therefore, similar in both size and location to the deletion loop in the type I heteroduplex. Thus, this loop represented the deletion in the gag-pol genes. The other two smaller deletion loops fell in the region roughly corresponding to the substitution loop in the type I molecules. This suggests that the type I and type II molecules might differ in the extent of deletion and the size of the REVspecific sequences in this region.
To determine the origin and nature of these two small deletion loops, we further examined the type II heteroduplexes under a spreading condition (hyperphase, 50% formamide; hypophase, 15% formamide) under which singlestranded DNA was well extended but singlestranded RNA tended to form a collapsed configuration. The two larger deletion loops (3.69 and 1.09 kb) were always well extended (Fig. 4) , suggesting that they represented DNA strands and, therefore, REV-A sequences which were missing in REV. In contrast, the 0.60-kb loop VOL. 37, 1981 on October 27, 2017 by guest http://jvi.asm.org/ 904 HU ET AL.
(denoted by an arrow in Fig. 4 ) was condensed into a hairpin-like structure under this condition, suggesting that the 0.60-kb loop represented an RNA strand, and, therefore, REVspecific sequences which were missing in REV-A. This stretch of REV-specific sequences was much smaller than that in type I molecules. Likewise, the 1.09-kb deletion loop representing the REV-A-specific, and possibly env-related, sequences which were missing in REV was also smaller than the 1.6-to 1.9-kb deletion observed in the type I molecules. Furthermore, there were homologous sequences (0.55 kb) (b1) between these two deletion loops. Thus, the type II heteroduplex could have been formed with an REV RNA species which had shorter REV-specific sequences and yet retained part of the env gene sequences present in REV-A. The size of this type II RNA species was calculated to be (1. The type I and type II molecules were present in a 30:70 ratio in all of the RNA preparations obtained from the BMC line, regardless of the passage history of the cells. To rule out the possibility that the type II heteroduplex might be an artifact of the spreading condition, resulting from partial homology in the two arms of the substitution loop observed in type I heteroduplex molecules, we further studied the heteroduplex under various spreading conditions. We compared the heteroduplexes after treatment with glyoxal followed by formamide spread or without glyoxal treatment and spread directly with 65% urea plus formamide. The latter method has been shown to cause less random denaturation and allow for detection of partially homologous sequences (18) . If the type I and type II molecules are derived from the same RNA species, the ratio of these two heteroduplexes will vary with the stringency of the spreading method (18) . However, no difference in the ratio of type I and type II heteroduplex molecules was observed under different conditions. We therefore conclude that these two structures are heteroduplexes formed with dif- (11, 16) . Electrophoresis and heteroduplex mapping showed that it has a 5.5 to 5.9-kb or 30S RNA genome (4, 16) and that 30% of its sequences are REV specific and presumably are responsible for the oncogenic activity ofthe virus (4). Our heteroduplex studies further demonstrated that REV has a 3.64-kb deletion in the gag-pol genes, if one assumes that REV has the same gene order as other oncoviruses. Thus, REV is sinilar to other avian acute leukemia viruses in that it has an extensive deletion in the gag-pol genes (19, 28) . The REV-specific, and presumably oncogenic, sequences in the REV genome which are responsible for visceral reticuloendotheliosis in vivo and transformation of fibroblasts and bone marrow cells in vitro constitute a contiguous stretch of 1.6 to 1.9 kb in length. These sequences account for 30 to 35% of the genetic sequences of REV, which is in good agreement with the published data obtained by cDNA-RNA hybridization (4). Our study showed that these REV-specific sequences were localized in the region corresponding to the env gene and were not contiguous with the gagpol deletion in the REV genome. This genetic structure is in contrast to that of other avian acute leukemia viruses (19, 28) and is rather similar to that of the defective Friend strain of spleen focus-forming virus (39) , defective murine sarcoma virus (17) , and defective mink cell focus-inducing viruses, which are recombinants in the env gene between ecotropic and xenotropic viruses (3, 40 (6, 34, 35) . Further experiments are required to resolve this issue. The type II RNA observed in the virus populations released from the BMC line is particularly interesting. This RNA might correspond to the RNA species which migrated nearly together with the 28S rRNA marker in 2% polyacrylamide gel electrophoresis (Fig. lc) (4) . Gonda et al. have, also detected such a small RNA species (12) . The type II RNA molecules contain smaller REV-specific sequences and a smaller deletion in the env region than do type I RNA molecules, but it retains some of the env gene sequences homologous to those of REV-A. As a result, two smaller deletion loops, in place of the big substitution loop in the type I molecules, are present in type II heteroduplexes. These two deletion loops represent REV-specific sequences and deleted sequences, respectively, in the env gene of REV-A. Since we could not detect such an RNA species in REV-A populations, we suggest that the type II RNA was probably a recombination product of an unequal crossover between the helper virus, REV-A, and the transforming component, REV. It is not clear whether this RNA has any biological significance. Nevertheless, it is interesting to note that an RNA species of similar genetic structure has also been detected in avian myelocytomatosis virus MC29 released from a transformed quail cell line (Q10) (19) . This RNA was termed AMC29. Both the REVtransforned BMC line and MC29-transformed Q10 line, in which this small RNA species was discovered, contain unusually low titers of the helper viruses (4, 8) . This fact suggests that this small RNA species might function as defective VOL. 37, 1981 on October 27, 2017 by guest http://jvi.asm.org/ Downloaded from interfering particles and interfere with the replication of the helper viruses. Further studies are required to determine the biological significance of this small RNA species.
